The correct evaluation of myocardial function is an important challenge for modern cardiology. While global function [1] [2] [3] has been intensely investigated, and the value of each method (diagnostic capacity, accuracy, and reproducibility) has been well established, the same has not happened with regional myocardial function, whose importance results from the segmentary character of several cardiac diseases. In clinical practice, segmentary analysis is usually performed qualitatively or semiquantitatively with twodimensional echocardiography, which, despite its usefulness, has some disadvantages, such as the influence of the operator's experience and dependence on technical conditions 4 . The quantitative analysis of regional myocardial function may be performed with invasive and noninvasive methods, each of which has advantages and disadvantages. Among the ultrasound methods, tissue Doppler echocardiography stands out. This technique, which complements the conventional study, allows, through the analysis of the signals originating in the myocardium, quantification of regional myocardial function with little dependence on load conditions. In the pulsed tissue Doppler echocardiography modality, regional myocardial function is characterized by the direction of movement, velocities, and time intervals. Another advantage of tissue Doppler echocardiography is that it allows the selective study of longitudinal regional myocardial function, evaluated in the apical view (subendocardial sample composed essentially of longitudinal fibers), and of radial regional myocardial function, evaluated in the parasternal view (intramyocardial sample composed predominantly of circumferential fibers). This approach may be useful in clinical practice because certain diseases, which affect the subendocardium in particular, such as small vessel disease, may mainly affect longitudinal function. On the other hand, other diseases involving the endomyocardial region, such as some infiltrating diseases or transplant rejection, may mainly affect radial function. Other details about tissue Doppler echocardiography and its clinical applications have been reported in other studies
Objective -To characterize left ventricular regional myocardial function through tissue Doppler echocardiography in healthy adults and to assess the influence of aging in this function.
According to the recommendations of the American Society of Echocardiography, the parameters usually assessed with this methods were measured in M-mode, twodimensional, and continuous-wave and pulsed Doppler echocardiography (tab. I).
In the pulsed tissue Doppler echocardiographic modality, a sample was placed in the region of interest, and the velocity-time spectral Doppler profile referring to the area of interest was presented on the screen. Based on the several deflections recorded, measurements of the parameters of velocity and time domain, which characterized the regional myocardial function of the area studied, could be performed. Whenever possible, maximal alignment between the ultrasound beam and parietal movement was attempted. The gains and filters were optimized to obtain the best signal-tonoise ratio, with a Nyquist limit of 15-20 cm/s. In each segment analyzed, 5 consecutive cycles were studied at the end of expiration, and the respective mean was calculated.
Assessing longitudinal regional myocardial function, a 5-mm volume sample was placed in the subendocardial region of 8 segments of the 4 left ventricular walls: basal and medial segment of the interventricular septum, lateral wall (apical view of 4 chambers), inferior and anterior walls (apical view of 2 chambers). The apical segments were excluded from the study, because, as the apex is relatively fixed throughout the cardiac cycle, the velocities obtained are very low, sometimes with poor resolution and technical quality insufficient for analysis.
Assessing radial regional myocardial function, the volume sample was placed in the endomyocardial region of the basal and medial segment of the inferior wall in the left parasternal view, short axis. Given the perpendicularity of the inferior septum and lateral wall movement in regard to the ultrasound beam, these walls were not included in the analysis. The anterior septum was also excluded, given the poor technical quality of the images obtained.
In each of the segments analyzed, the maximum velocities (cm/s) of the systolic wave (s), of the rapid filling wave (e), and of the atrial contraction wave (a) were measured, and the e/a ratio was calculated ( fig. 1 ). For each parameter in the longitudinal axis, the respective heterogeneity index regarding regional function and longitudinal global function (mitral annulus kinetics) [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . The objectives of this study were to characterize left ventricular regional myocardial function by tissue Doppler echocardiography in a population of healthy adult volunteers and to assess the influence of age on regional myocardial function. The study comprised healthy asymptomatic volunteers with normal objective examinations, no history of cardiac disease, and no risk factors for coronary artery disease. The inclusion criteria comprised normal findings in high-quality electrocardiography, M-mode echocardiography, two-dimensional echocardiography, and conventional Doppler echocardiography. All patients older than 45 years had negative noninvasive tests for ischemia detection. No volunteer was receiving cardiovascular medication. Our hospital ethics committee approved the study protocol, and every volunteer provided consent.
The population was stratified according to age groups, below and above 45 years, to assess the effect of age and its functional alterations in the variables studied (G1: group 1-individuals aged 45 years or less; G2: group 2 -individuals above the age of 45 years).
Methods
All examinations were performed using a Toshiba SSA 380A -Powervision echocardiographic device (Toshiba Corp, Tokyo, Japan) and a 3.75-mHz probe, phased array with 64 elements, fundamental imaging, frame rate > 100/s using the conventional echocardiographic views, with the individuals in the left lateral decubitus position. The scanning velocity used in the measurements was 100 mm/s with video recording for later review. was calculated. The heterogeneity index represents the physiological variation of the velocities in the 8 ventricular segments analyzed (heterogeneity index HI= Σ x-m /8), in which "x" is the maximal velocity of the wave in each segment studied and "m" is the mean of the velocities in these sites. In each group, the percentage of the longitudinal segments in which the e/a ratio was greater than 1 was also calculated, as was the mean number of segments with the e/a ratio greater than 1 per individual. The meridional gradient in the longitudinal and radial axes, which consists of the differences in velocities between the basal and median left ventricular segments, was also calculated. The duration of each wave (ms) was extrapolated, prolonging the respective acceleration/deceleration pendent as far as the base line. Recording was performed with simultaneous electro-and phonocardiographic monitoring, and 9 time intervals (t1 to t9) were measured based on the electrocardiographic R wave (S1 of phono) as follows ( fig. 2 and 3 ): t1 -from R (S1 of phono) to the beginning of s -isovolumic contraction time = PEP (preejection period); t2 -until the peak of s; t3 -until the end of s -time of systole; t4 -until the beginning of e; t5 -until the peak of e; t6 -until the end of e; t7 -until the beginning of a; t8 -until the peak of a; t9 -until the end of a.
Based on these intervals, other time intervals were calculated as follows: ejection time = t3 -t1 = LVET (left ventricular ejection time); PEP/LVET = t1/t3-t1; IRT (isovolumic relaxation time) = t4-t3; time for reaching the peak of e = A2-e = t5-t3; diastole time = t9-t3. Through the coefficient of variation of the several time intervals in the different segments in the longitudinal plane, the indices of physiological systolic diastolic asynchrony were calculated for each time interval.
For each wave, its velocity-time integral, which represents a measure of the amplitude of movement, was measured and expressed in mm.
The results are shown as mean and standard deviation. The Student t test and the chi-square test were used to compare the clinical and echocardiographic data in the 2 groups. To investigate the longitudinal myocardial function, the values of each variable were compared between the 4 basal ventricular segments and the 4 medial segments in the same individuals, using the analysis of variance with 2 factors. In the cases in which the analysis showed the existence of a difference between locations for a significance level of 5%, a post hoc analysis of the differences between every 2 locations was performed with the Student t test for paired samples with a Bonferroni correction.
Then, the hypothesis of nonexistent differences between the groups in the set of measurements in the 4 locations of every cardiac structure in each individual was investigated with analysis of variance with 2 factors and repeated measurements in 1 factor. The adjusted model was that of an analysis of variance of mixed effects with 3 factors, in which the groups of individuals and the locations represented the fixed factors and the individuals represented the random factor. In this analysis, 2 hypotheses were simultaneously tested: the hypothesis that the groups did not differ in regard to the mean values tested through the different locations of the measurements, and the hypothesis that the differences between the groups were not constant in all the 4 locations. This latter hypothesis was tested by the inclusion of a term for interaction between the groups and the locations in the model. Due to questions of potency, a significant test for a bilateral level of 10% was accepted as evidence of difference. In all other cases, the differences were tested for a significance level of 5% for bilateral tests.
The reproducibility of measurements was tested in 10 consecutive healthy volunteers, 5 from each group, through linear regression and the Bland-Altman plot 48 . The calculations were performed with STATA software version 7.0 (Stata Corporation, College Station, TX, USA).
Results
The study comprised 45 healthy volunteers, who, according to the methodological criteria reported, were divided into 2 groups as follows: group 1 -age < 45 years (n=22, 15 males and 7 females, mean age of 27 ± 9 years); group 2 -age > 45 years (n=23, 11 males and 12 females, mean age of 60±10 years). In regard to clinical data, the 2 groups were observed to differ only in regard to age, the distribution according to sex, weight, height, body surface, blood pressure, and heart rate being similar (tab I).
The conventional echocardiographic data revealed that G2 compared with G1 had higher left ventricular mass indexes (71±14 vs 60±12g/m 2 , p<0.01), a longer isovolumic relaxation time (92±9 vs 81±7ms, p<0.001), and shorter e/a (1.14±0.33 vs 1.89±0.43, p<0.001). The remaining parameters analyzed were similar, particularly the global systolic function indices (tab I).
Regional systolic function, myocardial velocities (tab. II) -Longitudinal function. The systolic velocities were more elevated in the lateral and inferior walls in both segments. The meridional gradient was greater in the anterior and inferior wall in G1, and in the inferior wall in G2. This gradient diminished with age (p <0.05), mainly in the anterior wall. A reduction in s was observed with age (p <0.001), with statistical significance in the anterobasal segment and in the mean value of the 8 segments (G1: 8.5±0.7; G2: 8.1±1.1, p<0.05). The heterogeneity of s did not change with age (G1: 1.36±0.54; G2: 1.12±0.49).
Radial function -The velocities and the radial meridional gradient did not significantly change with age.
Regional systolic function, time intervals (tab. III) -Longitudinal function. Isovolumic contraction time (ICT) -This interval had a shorter duration in the septum and anterior wall, with no significant differences with aging, except for the inferobasal segment, in which a reduction in this time interval was observed with age. The asynchrony index did not change with age (G1: 0.16±0.04; G2: 0.19±0.07).
Time until the peak of s -This interval also had a shorter duration in the septum and anterior wall, with no significant differences with aging. The asynchrony index did not change with age (G1: 0.20±0.06; G2: 0.21±0.05). Ejection time -The duration of this interval was shorter in the septum and anterior wall only in G1 (basal interaction < 0.10, median < 0.0005). No significant differences were observed with aging, except for the septum, where a longer duration of this time interval was observed with age. The asynchrony index did not change with age (G1: 0.08±0.03; G2: 0.10±0.06).
PEP/LVET -Only in G2 did the septum have the lowest value and the lateral wall the greatest value of this ratio in both segments (basal interaction < 0.10, medial < 0.005). This ratio diminished with age in the inferobasal and septalmedial segment and increased with age in the lateromedial segment. The asynchrony index did not change with age (G1: 0.19±0.04; G2: 0.25±0.09).
Time of systole -Systole was significantly shorter in the septum and the anterior wall only in G1 (medial interaction < 0.01). The duration of systole was longer in the older group only in the septal-medial and anteromedial segment. The index of asynchrony did not change with age (G1: 0.07±0.03; G2: 0.08±0.05).
Radial function -No significant differences were observed between the 2 groups in regard to isovolumic contraction time, time to reach peak of s, ejection time, and time of systole. The PEP/LVET ratio decreased with age in the basal segment.
Regional systolic function, velocity-time integrals (tab. IV) -Longitudinal function -In the basal segments, this parameter had a greater value in the inferior wall and a lower value in the anterior wall only in G2. In the medial segments, the lowest value was observed in the anterior wall in both groups. In these segments, a reduction in the integral of s was observed with age (p < 0.05). The heterogeneity index did not change with age (G1: 1.34±0.62; G2: 1.09±0.31).
Radial function -No differences were observed between the 2 groups with age.
Regional diastolic function, myocardial velocities (tab. V) -Longitudinal function. e wave: the velocities of the e wave were more elevated in the lateral and inferior walls in both groups and segments. The meridional gradient was always positive, greater in the inferior wall and lower in the septum (negative in G2). This gradient did not change with age. A reduction in e was observed with age in all walls and mean values (G1: 14.3±1.5; G2: 11.1±1.8; p<0.0001), and a nonsignificant tendency towards reduction in heterogeneity was observed (G1: 2.1±0.8; G2: 1.6±0.7).
a wave -The velocities of a were more elevated in the inferior wall and lower in the anterior wall in both groups and segments. The meridional gradient was similar between the 4 walls in the 2 groups. A significant increase in a in all walls, segments, and mean values was observed with age (G1: 7.3±1.1; G2: 10.2±1.9; p<0.0001), with no difference in the meridional gradient. The index of heterogeneity of the a wave increased with age (G1: 1.07±0.31; G2: 1.53±0.47; p<0.0005).
e/a: In G1, e/a was greater in the lateral wall and lower in the septum in both segments, while, in G2, e/a was greater in the anterior wall and lower in the septum (basal segments) Values presented as mean ± standard deviation; IVS-interventricular septum; LW-lateral wall; IW-inferior wall; AW-anterior wall; RF-radial function. and greater in the lateral and anterior wall (medial segments). These differences explain the interaction observed (basal < 0.01, median <0.10). The meridional gradient was, in both groups, similar for the 4 walls and slightly negative in the septum and lateral wall, with no changes with age. A significant reduction in the e/a ratio was observed with age in all walls, segments, and mean values (G1: 2.1±0.4; G2: 1.2±0.3; p<0.0001), with a reduction in the heterogeneity index (G1: 0.37±0.14; G2: 0.23±0.; p<0.0005). The percentage of segments with e/a >1 was significantly higher in group 1 (G1: 99%; G2: 56%; p<0.01), in which, of the 176 segments analyzed, only 1 segment in the basal septum did not have an e/a >1. The mean number of segments with e/a >1 per individual was also greater in group 1 (G1: 7.9; G2: 4.5). In group 2, the wall with the lowest percentage of e/a >1 (41%) was the septum, followed by the inferior (52%), lateral (63%), and anterior (69%) walls. Radial function -A reduction in e, an increase in a, and a reduction in e/a were observed with age, the meridional gradient being similar in the 2 groups.
Regional diastolic function, time intervals (tab. VI) -Longitudinal function. Isovolumic relaxation time (IRT) -No significant differences were observed between the isovolumic relaxation time in the several walls in both groups and segments. In the basal segments, this interval significantly increased in the interventricular septum with age, while, in the medial segments, this increase was observed in the lateral wall with a significant p between (< 0.05). An increase in asynchrony of IRT was observed with age (G1: 0.24±0.09; G2: 0.28±0.09; p< 0.05).
Time until the peak of e -The duration of this interval was shorter in the inferior and lateral wall, only in the basal segments of G1. No significant alterations in this parameter or in its asynchrony were observed with age (G1: 0.16±0.08; G2: 0.16±0.06).
Time of diastole -Only in the basal segment of G1 was this interval longer in the inferior wall and shorter in the lateral wall (interaction < 0.1). With age, a reduction in this interval was observed in the basal segments (p between <0.0005), mainly in the inferobasal segment. Asynchrony did not change with age (G1: 0.1±0.04; G2: 0.07±0.04).
Radial function -No significant temporal differences were observed between the 2 groups in any of the segments analyzed.
Regional diastolic function, velocity-time integrals (tab. VII) -Longitudinal function -integral of e -no differences were observed between the various walls, in both groups and segments. This integral decreased with age in all segments, as did its mean (G1: 5.7±0.9; G2: 3.9±0.9; p<0.0001) with a reduction in its heterogeneity (G1: 1.5±0.4; G2: 0.9±0.3; p<0.0005).
Integral of a -No differences were observed between the various walls in the medial segments. In the basal segments, the most elevated value was observed in the inferior wall and the lowest in the anterior wall. This parameter and its mean value (G1: 1.8±0.4; G2: 2.5±0.6; p<0.0005) increased with age in all segments, but with no statistical significance in the anterobasal and lateromedial segment. The heterogeneity index did not change with age (G1: 0.56±0.47; G2: 0.75±0.25).
Radial function -A nonsignificant reduction in the integral of e and a significant increase in the integral of a were observed with age.
The reproducibility of the measurements was tested in 10 consecutive healthy volunteers, 5 in each group; intraobserver and interobserver correlation coefficients of 0.94 and 0.92, respectively, were obtained for the velocities. In the temporal domain, the intraobserver and interobserver correlation coefficients were 0.92 and 0.90, respectively. Based on the Bland-Altman plot, the mean difference between the observations was found to be smaller than 5% of the mean values for velocity and time.
Discussion
The asymmetries in regional myocardial function of Values presented as mean ± standard deviation; *p<0.05; IVS-interventricular septum; LW-lateral wall; IW-inferior wall; AW-anterior wall; RF-radial function. the different ventricular zones were reported in experimental studies 49 and invasive methods 50 with off line and frame-by-frame analysis of ventriculographies, which, due to the complexity of the analysis and time consumption, has little clinical applicability. Of the noninvasive methods, the isotopic ones [51] [52] [53] [54] [55] [56] (despite the deficient temporal resolution and the fact that they are not performed in real time), tagging magnetic resonance imaging [57] [58] [59] [60] (with the disadvantages of having poor temporal resolution, of not being acquired in real time, of being expensive, and of being of difficult accessibility) and ultrafast computerized axial tomography stand out 61 . In regard to ultrasound methods, M-mode echocardiography [62] [63] [64] [65] [66] , despite its high temporal resolution, has the disadvantage of limiting the analysis to segments with movement parallel to the ultrasound beam, which is a limitation that can be potentially overcome with the "anatomic M-mode". In two-dimensional studies [67] [68] [69] [70] [71] , quantification of regional myocardial function is based on the measurement of the endocardial movement between systole and diastole, the technological advances being digital subtraction high frame rate echocardiography and segmental analysis of color kinesis images 72, 73 . The also promising threedimensional echocardiography [45] [46] [47] has not yet entered daily clinical practice.
Most tissue Doppler studies in healthy individuals 13, 17, 18, 20, 22, 24, 26 have only analyzed myocardial velocities and concluded that a physiological heterogeneity exists between the ventricular walls. Therefore, the velocities of s and e are usually greater in the lateral wall and lower in the septum as a consequence of the "sandwich" position of the septum in between ventricles, of its greater physiological parietal stress, of the fact that the septal cytoarchitecture is rich in circumferential fibers, and of its different proportion between the number of myocytes/beta-adrenergic receptors and the degree of interstitial fibrosis. These studies also report heterogeneity of velocities in the same wall, more elevated in the basal segments, producing a positive meridional gradient that reflects the importance of these segments in myocardial function. Most studies do not perform a systematic analysis of temporal parameters, measuring usually only 1 or 2 intervals. The regional isovolumic relaxation time is shorter in the basal segments on apical view (reflecting myocardial electric activation) and longer in the anterior septum on the parasternal view 18 . With aging [28] [29] [30] , a slight reduction in the velocities of s is observed, as are a significant reduction in the velocity of e, an increase in a, and an inversion in e/a. According to a recent study 30 with healthy volunteers under the age of 40 years, regional e/a was always > 1, and the number of segments with e/a <1 increased with age initially in the basal segments and in the longitudinal axis.
In regard to velocities and meridional gradients, our results are in accordance with those reported 13, 17, 18, 20, 22, 24, 26 , revealing physiological heterogeneity and greater systolic and diastolic velocities in the lateral and inferior walls. The analysis of temporal intervals reveals physiological systolic asynchrony, suggesting a better septal and anterior systolic performance (shorter isovolumic contraction time and PEP/ LVET). These data, which seem contradictory to the better velocity profile of these walls, may result from the shorter duration of systole in the inferior wall or the fact that depolarization occurs first in the septum. In regard to diastolic intervals, the fact that no significant differences were found between the various segments points to a small degree of physiological diastolic asynchrony. In our study, isovolumic relaxation time had a variable duration, although it was not significantly shorter in the basal segments. The fact that most systolic parameters did not change with age is in accordance with the little deterioration in systolic function with aging [28] [29] [30] . In regard to diastole, a reduction in e, an increase in a, and an inversion in e/a have been observed with age, coinciding with those reported. Also as reported 30 , e/a was always > 1 in younger individuals (except for 1 segment with e/a =1), but it varied in the older group. However, in this group, the inversion in e/a did not preferably occur in the basal segments, which may be related to methodological differences, mainly to the number of segments studied with the tissue Doppler modality used or with the age cut off chosen.
Some of the major limitations in this study are the general limitations of tissue Doppler echocardiography previously reported, such as the influence of the global cardiac movement and adjacent structures, time consumption, and the dependence on the angle of incidence. Many of these limitations will be overcome with strain-rate imaging techniques 74, 75 . On the other hand, the echocardiographic ejection fraction was not measured on purpose, because the correlations with fundamental imaging reported in the literature are not the best. Data regarding systolic function were not equally assessed on conventional Doppler echocardiography, mainly stroke volume, cardiac output, and cardiac index. Another limitation on longitudinal analysis is the exclusion of the apical segments, and, on radial analysis, the fact that the study is limited to 1 wall. However, these aspects are similar to those of the MYDISE multicenter study 76 . The fact that the time intervals were not normalized for systole and diastole duration may have influenced some results.
Finally, although the presence of subclinical coronary artery disease may not be excluded, the likelihood of its existence is very low, given the sensitivity of the noninvasive methods used.
In conclusion, is tissue Doppler echocardiography the ideal ultrasound technique or simply a new approach providing known data in a new perspective? The ideal technique for analyzing regional myocardial function does not exist, but tissue Doppler echocardiography has many of its requirements and approaches the ideal 15 . One of its great advantages is not the introduction of new concepts, but the capacity to obtain high-resolution images for quantitative analysis. According to Hatle and Sutherland 17 , tissue Doppler echocardiography is strong enough for investigation and routine clinical studies, providing greatly accurate data and value in terms of radial and longitudinal, systolic and diastolic direction, time, and velocity.
This study reveals that physiological differences exist between the regional myocardial function of different segments, in terms of velocities, times, and velocity-time integrals, with heterogeneity and physiological asynchrony, and that some of these parameters are significantly changed with age. Our data contribute to the definition of parameters of normality and may be useful for comparing populations with heart disease.
